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Abstract

High-quality GaN layers with 8 arcmin (X-ray diffraction full-width at half-maximum, XRD FWHM) and rms surface
roughness of 57 A are grown on Si(1 1 1) substrates when using optimized AIN buffer layers. Si-doping produces n-type
films reaching carrier concentrations up to 1.7 x 10'® cm ™2 with mobilities of 100 cm?/Vs. A reduction of the lattice
parameter ¢ together with a red shift in the photoluminescence (PL) emission is observed with increasing Si doping. The
dislocation density observed by plan-view transmission clectron microscopy (PVTEM) also decreases by close to one
order of magnitude (from 5.3 x 10° to 8 x 10% cm™?%) when increasing the Si doping (from 1.1 x 10*7 to 6.0 x 10'8 cm™3),
AlGaN layers were grown with Al content ranging from 10% to 76% with XRD FWHM of 22 arcmin and intense
low-temperature photoluminescence. N-type doping is achieved in AlGaN (40%) with Si, reaching electron concentra-
tions of 8 x 10*° cm ™2, © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gallium nitride (GaN) and its related materials
have received a great deal of attention in the past
ten years due to their capabilities in the ultraviolet
spectral range and their chemical properties [1].
However, in spite of the commercial availability of
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high-efficiency LEDs and the achievement of
room-temperature cw operating LD [2], there are
still some controversial and not-completely
understood aspects in this material, for instance,
the effect of Si doping in GaN.

In this work, photoluminescence (PL) and trans-
mission electron microscopy (TEM) techniques are
used to analyze the effect of the Si-doping of GaN
layers on the thermal residual stress and disloca-
tion distribution. AlGaN layers of different com-
position are also studied by scanning electron
microscopy (SEM) and TEM to assess the crystal
morphology.
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2. Experimental details

GaN and AlGaN films were grown on Si(1 1 1)
on axis substrates by plasma-assisted molecular
beam epitaxy (MBE), using a radio frequency (RF)
plasma source. Details of the growth were pub-
lished elsewhere [3].

Low-temperature PL was performed exciting
with the 3344 nm line of an Ar* laser. Cross-
sectional (XTEM) and plan-view (PVTEM)
micrographs were obtained with a Jeol 1200 EX
MIiCroscope.

3. Results
3.1. Undoped and Si-doped GaN layers
GaN films were grown at 750°C on AIN-buffered

Si(1 1 1) substrates. Optimal buffer layers (at 850°C)
[4] and GaN films (at 750°C) [5] were grown using
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Fig. . Low-temperature photoluminescence of Si-doped GaN
layers as a function of the Si-doping, On the right side: values of
the c-axis lattice-constant from X-ray diffraction data.

Fig. 2. XTEM photographs of GaN layers: (a) undoped GaN
layer with dislocation density p of 6.4 x 10° cm ™2, (b) Si-doped

(n=1.1x10""cm™3) with p=153%x10%cm™? (©

n=60x10"%cm 3 p=8x108cm~2

ITI/V ratios stightly above stochiometry. Following
the two-step growth procedure for GaN layers [5]
best XRD FWHM results of 8 arcmin (0-26 scan
with open detector configuration) and rms surface
roughness of 57 A (10 pm x 10 pm scan) for a 1 pm
thick GaN layer were obtained. Hall data on
these samples were unreliable due to the formation
of a highly p-type channel at the AIN/Si(1 1 1) in-
terface by thermal diffusion [6]. However, C-V
measurements, using horizontal Schottky diodes,
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Fig. 3. SEM photographs of AlGaN layers with different Al content:

showing the low free surface roughness.

lead to a residual electron concentration of
1.8 % 10'7 ecm ™3, no matter whether the Si substrate
is removed by wet etching with H3;NO : HF or not.

Doping of GaN layers with Si was ecasily
achieved, reaching electron concentrations up to
1.7x 10*? cm ™3, For cell temperatures at or above
1050°C a clear n-type conductivity was measured
with carrier concentrations ranging from 2 x 108
to 1.7x10'%cm™® and mobilities around
100 cm*/V s. However, for cell temperatures below
1000°C and for undoped samples, an apparent
p-type conductivity was measured due to the diffu-
sion process already mentioned [6]. Fig. 1 shows
low-temperature PL measurements of an undoped
GaN sample and different Si-doped GalN samples.
High-resolution XRD measurements on some of
these samples were performed to determine the

{a) 11%, and (b) 76%. (c) XTEM image of an Aly,GaggN layet

c-axis lattice constant as shown in Fig. 1. As the
Si-doping increases, the emission around 3.45eV
shifts to lower energy and the ¢ lattice-constant
decreases. Both effects suggest an increase of biaxial
tensile strain, indicating that Si-doping has a sub-
stantial effect on the crystal morphology, in good
agreement with previous observations [7]. XTEM
photographs (Fig. 2) of an undoped GaN sample
and two different Si-doped samples show differ-
ences in the dislocations distribution. PVTEM
images also indicate a dislocation density de-
crease from 6.4 x 10 cm™? (undoped sample) to
8x10% cm™2 (highest doped one). This reduction
can be explained due to the interaction between
planar defects and dislocations which propagate
along the growth direction that are bent, not allow-
ing them to reach the free surface. A more detailed
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study of this mechanism and the effect of the Si-
doping in the grain size and distribution is current-
ly underway [81.

3.2. Growth of AlGaN layers

AlGaN layers were grown at 770°C using opti-
mized AIN buffers, with Al content ranging from
10% to 76%. AlGaN layers exhibited XRD
FWHM of 22 arcmin and very intense low-temper-
ature PL. The growth temperature and II31/V ratios
are the main parameters to be optimized as a func-
tion of the Al%. A 2 x 2 surface reconstruction was
observed indicating a smooth and two-dimensional
growth mode. Fig, 3 (a and b) shows SEM photo-
graphs of different Al-content AlGaN layers. The
Al content was determined by XRD. XTEM imag-
ing of an Al;,GaggN layer is shown in Fig. 3c
indicating a low free surface roughness. N-type
doping was easily achieved with Si, reaching elec-
tron concentrations up to 8 x 10'° cm™3. Finally,
AlGaN layers with Al content below 20% were
employed as buffer layers for the growth of GaN,
leading to even_smoother surfaces (rms surface
roughness of 43 A). A better surface reconstruction
(2% 2) at the end of the AlGaN growth, as com-
pared with the AIN buffer, and the smaller mis-
match between AlGaN and GaN may explain this
morphological improvement.

4. Conlusions

High quality GaN layers have been grown on
Si(1 1 1) substrates with XRD FWHM of 8 arcmin
and 57 A surface roughness. Si-doping of these
GaN layers produces a decrease in the c-axis lattice
constant together with a decrease in the threading
dislocation density. Both observations point to an
increase in the biaxial tensile strain of the layer

which is also deduced from low temperature photo-
luminescence. AlGaN layers have been grown with
smooth surfaces, XRD FWHM of 22 arcmin and
intense low-temperature PL. The use of these Al-
GaN layers as buffer for the growth of GaN layers
leads to an improvement of the GaN crystal mor-

phology.
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